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Isoforms of the neuronal glutamate transporter gene, 
SLC1A1/EAAC1, negatively modulate glutamate 
uptake: relevance to obsessive-compulsive disorder 

B Porton 1,2 , BD Greenberg 1,2 , K Askland 1 ' 2 , LM Serra 1 , J Gesmonde 3 , G Rudnick 3 , SA Rasmussen 1,2 and H-T Kao 1 ' 2 

The SLC1A1 gene, which encodes the neuronal glutamate transporter, EAAC1, has consistently been implicated in obsessive- 
compulsive disorder (OCD) in genetic studies. Moreover, neuroimaging, biochemical and clinical studies support a role 
for glutamatergic dysfunction in OCD. Although SLC1A1 is an excellent candidate gene for OCD, little is known about its 
regulation at the genomic level. Here, we report the identification and characterization of three alternative SLC1A1/EAAC1 
mRNAs: a transcript derived from an internal promoter, termed P2 to distinguish it from the transcript generated by the primary 
promoter (P1), and two alternatively spliced mRNAs: ex2skip, which is missing exon 2, and ex11skip, which is missing exon 11. 
All isoforms inhibit glutamate uptake from the full-length EAAC1 transporter. Ex2skip and ex11skip also display partial 
colocalization and interact with the full-length EAAC1 protein. The three isoforms are evolutionarily conserved between human 
and mouse, and are expressed in brain, kidney and lymphocytes under nonpathological conditions, suggesting that the isoforms 
are physiological regulators of EAAC1 . Moreover, under specific conditions, all SLC1 A1 transcripts were differentially expressed 
in lymphocytes derived from subjects with OCD compared with controls. These initial results reveal the complexity of SLC1 A1 
regulation and the potential clinical utility of profiling glutamatergic gene expression in OCD and other psychiatric disorders. 
Translations! Psychiatry (2013) 3, e259; doi:1 0.1 038/tp.201 3.35; published online 21 May 2013 



Introduction 

Multiple lines of evidence suggest a role for glutamatergic 
dysfunction in obsessive-compulsive disorder (OCD). 
Glutamate levels are abnormal in the brains of individuals 
with OCD, 1-5 and are increased in the cerebrospinal fluid of 
individuals with OCD. 6 ' 7 Studies in mice with OCD-like 
behaviors also suggest abnormal glutamatergic neurocircuitry 
in the striatal region. 8-10 Open label studies and case reports 
suggest that glutamatergic agents, such as riluzole, 11-13 
memantine, 14-18 and ^-acetylcysteine, 19 might have thera- 
peutic effects in OCD. Importantly, several independent 
genetic studies consistently implicate the SLC1A1 gene, 
which encodes the neuronal glutamate transporter, EAAC1 
(also known as EAAT3), as a candidate gene for OCD. 20-27 
Despite the strength of these findings, our knowledge of how 
SLC1A1 gene expression is modulated via transcription 
and alternative splicing remain unclear. 

Here, using a bioinformatics approach, we have identified 
and characterized three SLC1A1 alternative isoforms: a 
transcript derived from an internal promoter (P2) and 
two alternatively spliced transcripts, ex2skip (missing exon 
2) and ex11skip (missing exon 11). These isoforms act as 
negative modulators of SLC1A1/EAAC1 function, and inhibit 
glutamate transport via the EAAC1 transporter. Furthermore, 
all SLC1A1 transcripts were differentially regulated in OCD 
compared with controls in a peripheral lymphocyte system 



for analyzing neural gene transcription. These findings have 
relevance for understanding glutamate biology in OCD and 
other psychiatric disorders. 

Materials and methods 
Molecular biology 

Bioinformatics. Internet resources were used to obtain 
human and mouse EAAC1 gene sequences (http://www. 
ncbi.nlm.nih.gov/) and exon organization (using the 
University of California Santa Cruz genome browser at 
http://genome.ucsc.edu/). Relevant genomic sequences 
were scanned for potential promoters using the programs 
Promoter 2.0 (http://www.cbs.dtu.dk/services/Promoter/) and 
CpGPIot (http://www.ebi.ac.uk/Tools/emboss/cpgplot/index. 
html) to detect CpG islands. 28 Human and mouse expressed 
sequence tags that were identical to EAAC1 were down- 
loaded from Genbank or directly from the UCSC genome 
browser site. Two previous publications also suggest the 
existence of alternative transcripts derived from the SLC1 A1/ 
EAAC1 locus 29 30 

Cloning of SLC1A1/EAAC1 alternative transcripts. Relevant 
sequences were amplified by the PCR from complementary 
DNA derived from HEK-293 cell RNA. Standard recombinant 
DNA technology 31 was used to assemble each EAAC1 
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isoform into the vector pcDNA3.1 (Invitrogen Life Technologies, 
Grand Island, NY, USA) and engineered with a carboxyl 
terminal FLAG or hemagglutinin (HA) tag (HA-tag). 32 All 
assembled DNAs were confirmed by sequencing. 

Quantitative PCR (qPCR). RNA was extracted from tissues 
using Trizol reagent (Invitrogen Life Technologies) and 
complementary DNA was generated in the presence of 
random primers. qPCR was carried out using the Platinum 
SybrGreen qPCR SuperMix-UDG with ROX (Invitrogen 
Life Technologies) in the presence of 0.4 hm primers 
(Supplementary Table 1). Data were collected using the 
ABI HT7900 Fast Sequence Detection System (Applied 
Biosystems, Grand Island, NY, USA). Data were analyzed as 
previously described, 33 taking into account amplification 
efficiency 34 and normalization to a housekeeping control 
((32-microglobulin for human EAAC1 and (3-actin for mouse 
EAAC1). 

Biological materials 

Human brain samples. Frozen sections from human frontal 
lobe and striatum were obtained from the Stanley Foundation 
Neuropathology Consortium. 

Mouse brain and neurons. Brains were obtained from adult 
C57/BL6 mice (Jackson Laboratory, Bar Harbor, ME, USA). 
Neuronal cultures from neonatal C57/BL6 cortex were 
prepared using previously published methods. 35 Experi- 
mental protocols were approved by the Institutional Animal 
Care and Use Committee at Brown University. 

Human lymphocytes. Adult subjects for the OCD group: (a) 
were between 18 and 65 years of age, (b) met DSM-IV 
criteria for OCD, (c) had Yale-Brown obsessive-compulsive 
scale scores >16. Control subjects: (a) were between 18 
and 65 years of age, (b) did not meet DSM-IV criteria for 
OCD. Participants were excluded if they (a) met current 
DSM-IV criteria for alcohol or drug abuse/dependence 
(except nicotine) within the past 6 months, (b) met current 
DSM-IV criteria for anorexia or bulimia nervosa, (c) met 
lifetime DSM-IV criteria for a psychotic disorder or bipolar 
disorder, (d) were currently suicidal or homicidal, (e) had 
marked organic impairment. 

Participants were recruited from September 2009 to 
October 2010 through clinician referrals from an OCD 
Research Center at Butler Hospital, a private psychiatric 
hospital in Providence, Rhode Island, USA. Permission from 
the hospital's Institutional Review Board was obtained to 
conduct this pilot study. The OCD group consisted of eight 
females and six males and the control group had four females 
and five males. There was no significant difference in gender 
between the two groups, i 2 (3, A/=23) = 0.56, P=0.59. The 
mean age of the OCD group {M oc6 = 40.00, s.d. = 14.16) did 
not differ significantly from that of controls (M c = 37.17, 
s.d. = 13.93; f(21) = 0.49, P=.63). There was no significant 
difference in the ages of males in the OCD group 
(Mocd = 32.17, s.d. = 12.38) compared with the control group 
(M c = 44.20, s.d. = 1 4.06; t(9) = 1 .51 , P= 0.1 7). However, the 
mean age of the females in the OCD group {M oc6 = 45.88, 
s.d. = 12.32) was significantly older than the mean age of 



females in the control group (M c = 28.25, s.d. = 8.10; 
f(10) = 2.56, P=0.02). Accordingly, all statistical analyses 
were not segregated by gender. 

All subjects with OCD (except for one unmedicated subject) 
were treated with an selective serotonin re-uptake inhibitor, 
and some had additional antidepressants or adjuvant medica- 
tions. None of the OCD subjects were on antipsychotics. None 
of the controls had a history of OCD and none were treated 
with psychotropics. 

Lymphocytes were purified using a ficoll-hypaque gradient 
(GE Healthcare Biosciences, Piscataway, Township, NJ, 
USA) according to the manufacturer's specifications, and 
cultured in RPMI media with 1 0% fetal calf serum, 1 00 U ml" 1 
penicillin and 100|igml~ 1 streptomycin in a 5% C0 2 - 
humidified incubator. 

Reagents. Dopamine, fluoxetine and frans-retinoic acid were 
purchased from Sigma-Aldrich (St Louis, MO, USA). 

Cell biology 

Cell lines. HEK-293 and HeLa cells were maintained at 
37 °C in a 5% C0 2 -humidified incubator in Dulbecco's 
modified Eagle medium with 10% fetal calf serum, 2mM 
L-glutamine, 100Uml~ 1 penicillin and 100|agml~ 1 strepto- 
mycin. All transfections were performed with Fugene HD 
(Promega Corporation, Madison, Wl, USA) using DNA 
diluted in Dulbecco's modified Eagle medium and specifica- 
tions outlined by the manufacturer. 

Glutamate uptake. HEK-293 cells were grown on Isoplate 96- 
well TC plates (Perkin Elmer Life Science Research, Waltham, 
MA, USA) pretreated with Imgrnl" 1 poly-D-lysine (>3h at 
37 °C). When cells were approximately 50% confluent, 60 ng of 
DNA was transfected per well. Two days post transfection, 
culture media was removed and cells were incubated in 
10|im [ 3 H]-glutamate (Perkin Elmer — New England Nuclear, 
Waltham, MA, USA) in phosphate-buffered saline (PBS) 
supplemented with 2.2 mM CaCI 2 (PBS-Ca). At designated 
times, glutamate was removed, cells rinsed twice with PBS-Ca, 
and lysed in 0.2 M NaOH. A volume of 150 |il of Optifluor was 
then added to each well and counted with the Wallac Microbeta 
plate counter (Perkin Elmer). 

Confocal microscopy. HeLa cells were grown on poly-D- 
lysine-treated glass coverslips and transfected with various 
EAAC1 constructs. Two days post transfection, cells were 
fixed in 4% paraformaldehyde in PBS, lysed with 0.3% Triton 
X-100 and blocked in 10% donkey serum in Tris-buffered 
saline with 0.05% Tween 20 (TBST) overnight at 4°C. Fixed 
cells were then incubated overnight with antibodies (diluted in 
TBST) directed against FLAG-tag (M2 monoclonal antibody, 
Agilent, Santa Clara, CA, USA) or HA-tag (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA, HA-probe rabbit 
antibody Y-11). Coverslips were washed with TBST and 
the primary antibodies revealed by incubation with Alexa647- 
conjugated anti-mouse antibody and Alexa555-conjugated 
anti-rabbit antibody (Invitrogen Life Technologies). Cells 
were visualized using the Zeiss LSM 510 confocal micro- 
scope (Zeiss, Thornwood, NY, USA). Images were analyzed 
using ImageJ and the plug-in for colocalization analyses. 36 
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Pulldown assays. HeLa cells were transfected with combina- 
tions of EAAC1 DNA constructs consisting of HA-tagged P1 
and FLAG-tagged P1 or FLAG-tagged isoforms. Two days 
post transfection, cells were harvested, lysed in mammalian 
protein extraction reagent (Pierce Chemical Company, 
Rockford, IL, USA). FLAG-tagged proteins were isolated 
from lysates using M2 antibody affinity gel (Kodak Scientific 
Imaging Systems, Rochester, NY, USA), and immunoblotted 
to an antibody against HA-tag. Immunoblots were visualized 
using the Odyssey Infrared Imaging System (LI-COR 
Biosciences, Lincoln, NE, USA). 

Results 

Identification of a second promoter (P2) within the 
SLC1A1 gene. To determine if the SLC1A1 gene is subject 
to regulation by more than one promoter, we analyzed both 
human and mouse genes using publicly available DNA 
sequences (Figure 1). The structures of both the human and 
mouse SLC1A1 gene are very similar: both are encoded by 
12 exons, the boundaries of each exon are virtually identical, 
and the distribution of exons along the genome is very similar 
(Figures 1a and b). Promoter prediction programs (Promoter 



2.0 and CpGPIot) revealed a single CpG island in exon 1, 
representing the primary promoter for SLC1A1, and a novel 
potential internal promoter in both humans and mice 
upstream of exon 5 (Figures 1a and b). Transcription from 
this site would involve an additional exon upstream of exon 5 
(termed X), facilitating the design of primers to specifically 
detect this transcript, should it exist (Figure 1c). The existence 
of a second promoter in the mouse SLC1A1 gene has been 
reported previously, 29 however, an internal human promoter, 
which is described here, has not been reported before. 

To determine if the predicted second internal promoter is 
functional, we used human HEK-293 cells, a cell line derived 
from human embryonic kidney, which is known to express low 
levels of EAAC1. Indeed, PCR confirmed that the second 
promoter is capable of driving the expression of a transcript 
distinct from that derived from the primary promoter 
(Supplementary Figure 1). We have termed the internal 
promoter, P2, to distinguish it from the primary promoter, 
P1 (Figures 1a and b). 

Identification of two alternatively spliced SLC1A1/ 
EAAC1 mRNAs. We also searched for alternatively spliced 
SLC1 A1/EAAC1 mRNAs in human and mouse. In a previous 
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Figure 1 Organization of the human and mouse SLC1A1/EAAC1 genes, (a, b) Linear representation of genes with base pair numbering indicated at the top. The human 
SLC1A1/EAAC1 gene consists of 12 exons arranged along chromosome 9. There are two functional promoters (designated P1 and P2). The mouse SLC1A1/EAAC1 gene 
(on chromosome 1 9) is remarkably similar to the human gene; 1 1 of its 1 2 exons are exactly the same size as in humans. The mouse EAAC1 gene also contains two functional 
promoters, designated P1 and P2. The mouse EAAC1 mRNA is overall 85% identical to the human sequence and the mouse protein 90% identical to the human, (c) Predicted 
exon structure of mRNA transcripts derived from promoters P1 and P2. (d) Contribution of exons to the protein of EAAC1 . Schematic diagram of a single subunit of the EAAC1 
protein inserted into the cellular membrane, with the inside and outside of the cell indicated. The diagram is based on alignment of EAAC1 to the glutamate homolog of 
Pyrococcus horikoshii, whose structure was determined by crystallography. 39 Number and color indicate the region of the protein encoded by specific exons. 
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report, 30 a truncated human EAAC1 mRNA lacking exon 2 
was reported, but a corresponding mouse mRNA was not 
detected and no functional characterization was carried out. 
PCR was used to verify that this mRNA is expressed in HEK- 
293 cells (Supplementary Figure 1). We termed this mRNA 
ex2skip (Figure 1). 

In addition, we examined human and mouse expressed 
sequence tags using publicly available data (http:// 
www.ncbi.nlm.nih.gov). In humans, one expressed sequence 
tag was identified in which exon 1 1 was deleted. The potential 
transcript was termed ex1 1skip, and has not been described 
previously. The expression of this mRNA was verified in 
HEK-293 cells using PCR (Supplementary Figure 1). In mice, 
no additional transcripts were identified. 

Alternative mRNAs in HEK-293 cells were also screened 
using PCR spanning the entire length of the EAAC1 mRNA, 
but no other mRNAs were detected. 

Abundance of alternative SLC1 A1/EAAC1 mRNA tran- 
scripts in human and mouse. qPCR was used to 
quantitate the relative abundance of the P2, ex2skip and 
ex11skip mRNAs in a variety of human and mouse 
postmortem brain tissues. We utilized the additional exon 
sequence upstream of exon 5 (exon X), as well as the 
unique exon-exon junctions in the alternatively spliced 
transcripts to design primers for specific amplification of 
these transcripts. 

We observed substantial levels of mRNA corresponding to 
P2 transcription as well as ex2skip and ex1 1 skip relative to the 
P1 primary transcript in both humans and mice (Figure 2). In 
humans, the alternatively spliced ex2skip and ex11skip 
mRNAs were particularly abundant in the striatum, where 
abnormalities are thought to occur in OCD. In both human and 
mouse tissues, transcription from the P2 promoter was 
detected at a lower level compared with the alternatively 
spliced mRNAs. Thus, all of the alternative EAAC1 transcripts 
are expressed in a variety of tissues, with similar relative 
abundance in humans and mice. 

SLC1A1/EAAC1 isoforms inhibit EAAC1 -mediated 
glutamate transport. The transcript derived from the P2 
promoter and the two alternatively spliced P1 mRNAs are 
found in both humans and mice, suggesting that they 



are evolutionarily conserved and biologically important. 
When translated, these alternative mRNAs are predicted to 
give rise to distinct proteins, whereas the transcript from P2 
is predicted to give rise to a protein encoded by exons 5-12 
(Figure 1d). The lack of exon 2 in ex2skip produces an 
in-frame deletion of 47 amino acids, which is predicted to 
eliminate one of the transmembrane helices in the full-length 
protein (Figure 1d). Similarly, the lack of exon 11 in ex11skip 
produces another in-frame deletion of 47 amino acids at the 
carboxyl end (Figure 1d). 

To evaluate the biological function of these protein 
isoforms, we cloned each alternative transcript into a vector 
containing a carboxyl-terminal FLAG or HA tag to enable 
protein localization and functional analyses. We first exam- 
ined glutamate uptake in HEK-293 cells, a cell line that 
expresses endogenous EAAC1 and can be transfected at 
almost 100% efficiency. 

The primary EAAC1 transcript, P1, and all identified 
alternative isoforms were expressed in HEK-293 cells to 
determine their action on glutamate uptake (Figure 3a). 
Glutamate transport conformed to typical saturation kinetics, 
and plateaued by 60min after monitoring activity with 
3 [H]-glutamate (Supplementary Figure 2). Expression of P1 
led to significantly higher levels of glutamate uptake compared 
with nontransfected cells, or cells transfected with an 
equivalent amount of pcDNA3.1, the vector used to express 
each EAAC1 isoform (Figure 3a). By contrast, expression of 
the transcript driven by the second promoter, P2, as well as 
ex2skip and ex11skip, led to glutamate transport that was 
significantly lower than that of nontransfected cells 
(Figure 3a). GTRAP3-18, a protein that binds to EAAC1 and 
is an established inhibitor of glutamate transport via EAAC1 , 37 
also inhibited glutamate transport in HEK-293 cells 
(Figure 3a). HEK-293 cells normally express endogenous 
levels of glutamate transporters, including EAAC1. 37 The 
inhibition of glutamate uptake did not exceed the inhibition 
observed when cells were treated with the drug, DL-TBOA, 
which inhibits active glutamate transport. When isoforms were 
expressed in HeLa cells, a cell line that lacks EAAC1- 
mediated glutamate uptake, 38 no active glutamate transport 
was observed (data not shown). Therefore, the alternative 
isoforms appear to act as negative regulators of endogenous 
EAAC1 glutamate uptake. 
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Figure 2 Relative abundance of alternative SLC1 A1/EAAC1 transcripts in human and mouse tissues. RNA extracted from the various indicated tissues were subjected to 
quantitative PCR (see Materials and methods) and normalized to a housekeeping control (|32-microglobulin for humans, p-actin for mouse). Results are depicted on a 
logarithmic scale ( ± s.e.m. where indicated, for HEK-293 cells (n^12) or human lymphocytes (n^8)). 
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Figure 3 EAAC1 isoforms inhibit glutamate transport from the EAAC1 transporter.(a) EAAC1 isoforms inhibit endogenous glutamate uptake in HEK-293 cells. Normalized 
glutamate uptake (30 or 60min) is depicted in HEK-293 cells transfected with 60 ng of the indicated DNA (the primary transcript of EAAC1 (P1), with each of the EAAC1 
isoforms (P2, ex2skip or ex11skip) or GTRAP3-18), non-transfected cells (NT) or cells treated with the drug, DL-TBOA, which inhibits active glutamate transport. 
Results ± s.e.m. are shown for triplicate assays conducted in two independent experiments (/V> 6). 0.05 and **P^ 0.01 in comparison to the pcDNA3.1 control (unpaired 
two-tailed f-test). (b) EAAC1 isoforms inhibit exogenous glutamate uptake derived from the transfected P1 transcript in HEK-293 cells. HEK-293 cells were transfected with 
10 ng P1 (in each well of a 96-well plate) and increasing amounts of the indicated other DNA. The total amount of DNA in each well was adjusted to 60 ng using pcDNA3.1 . 
Exogenous glutamate uptake was normalized using 100% as the maximal uptake observed with 10 ng P1 and 0% as the uptake observed with only pcDNA3.1. 
Results ± s.e.m. are shown for triplicate assays conducted in two independent experiments (/V>6) after 30 or 60min of glutamate uptake. *P^0.05 and **P^0.01 in 
comparison to maximal uptake in the absence of competitor (unpaired two-tailed f-test). eGFP, enhanced green fluorescent protein. 



To confirm that the isoforms are indeed acting as negative 
regulators of glutamate transport via EAAC1 , we expressed 
the primary EAAC1 P1 transcript in HEK-293 cells, and 
co-expressed increasing amounts of each isoform 
(Figure 3b). All isoforms significantly inhibited exogenous 
glutamate transport from the transfected EAAC1 P1 construct 
(Figure 3b). GTRAP3-18, a control for negative regulation, 
inhibited both exogenous and endogenous EAAC1 transport, 
whereas an irrelevant transcript, enhanced green fluorescent 
protein, had no effect on glutamate transport. Thus, all of the 
alternative isoforms inhibit glutamate transport via the EAAC1 
P1 transcript. 



Ex2skip and ex11skip proteins interact with the primary 
P1 protein. SLC1A1/EAAC1 functions as a trimer. 39,40 
Thus, a possible mechanism by which protein isoforms 
inhibit glutamate transport is by interfering with the formation 
of a functional trimeric transporter. To examine this possibi- 
lity, we first determined if each of the isoforms colocalize with 
the full-length protein, P1, using HeLa cells, a cell line that 
lacks expression of endogenous EAAC1 (Figure 4a). 38 P1 
was tagged with HA, whereas each of the protein isoforms 
were tagged with FLAG, thus permitting separate visualiza- 
tion of these proteins. 32 Ex2skip and ex11skip both 
colocalized with P1, but as expected, P1/P1 colocalization 
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Figure 4 EAAC1 isoforms partially colocalize and interact with the EAAC1 P1 protein in transfected HeLa cells, (a) HeLa cells were transfected with equal amounts of DNA 
corresponding to P1-HA-tag and to FLAG-tagged isoform (P1, ex2skip, ex11skip, or P2) as indicated. HeLa cells were used in this experiment because they do not express 
SLC1A1/EAAC1. The hemagglutinin (HA)-tag and FLAG-tag were detected using Alexa555-conjugated anti-rabbit and Alexa647-conjugated anti-mouse antibodies, 
respectively, and visualized using confocal microscopy as described in Material and methods. Confocal images were optimized for each channel (red = HA; green = FLAG) as 
indicated, (b) Quantitation ( ± s.e.m.) of colocalization for FLAG-tag and HA-tag for each of the combinations shown in a, using the method of Costes. 36 0.05, **P^ 0.01 
and ***p^ 0.001 in comparison to the P1 vs P1 colocalization. (c) HeLa cells transfected with DNA corresponding to P1 -HA-tag and the indicated FLAG-tagged isoform were 
lysed 2 days post transfection. Lysates were then bound to FLAG-beads, pulled down and proteins resolved by SDS-polyacrylamide gel electrophoresis. HA-tagged P1 was 
detected using anti-rabbit antibody (see Materials and methods). 



was far greater (Figure 4b). By contrast, there was no 
colocalization observed between the P2 protein isoform and 
P1. The results indicate that ex2skip and ex11skip proteins 
partially colocalize to the same cellular regions as the 
primary P1 protein, but P2 protein shows no colocalization 
with P1. 

To determine if the protein isoforms are indeed physically 
associated with the primary P1 protein, transfected HeLa cells 
were lysed and protein isoforms were pulled down from the 
lysate using FLAG antibody beads (Figure 4c). The negative 
control, FLAG-tagged enhanced green fluorescent protein 
failed to pull down HA-tagged P1, indicating no interaction 
between the two proteins. As expected, P1-FLAG avidly 
pulled down HA-tagged P1. Ex2skip and ex11skip proteins 
also pulled down HA-tagged P1 but to a lesser extent than P1 - 
FLAG. Finally, no physical association was observed between 
P2-FLAG and HA-tagged P1. These results are consistent 
with the colocalization data, and support the idea that 
the ex2skip and ex11skip proteins could inhibit glutamate 
transport by interfering with proper assembly of the EAAC1 
glutamate transporter. 

Differential regulation of glutamate signaling in 
lymphocytes from a clinical population. As analysis of 
gene expression in living brains is not feasible, and 
lymphocytes express SLC1A1 as well as a host of genes 
related to glutamate signaling, they serve as a surrogate 



model cell system for investigating neural gene regulation. 
Thus, to determine the relevance of SLC1A1/EAAC1 iso- 
forms in OCD, lymphocytes were isolated from control 
individuals and patients meeting DSM-IV criteria for OCD. 
The cells were then cultured in media, in the presence 
or absence of various reagents, for 24 h before collection for 
quantitative gene expression. 

As SLC1A1 is expressed in lymphocytes, transcription of 
this gene was analyzed. We observed that levels of SLC1 A1 
were decreased by dopamine in lymphocytes from control 
subjects (Figure 5a). Significantly, subjects with OCD did 
not exhibit this decrease, suggesting differential regulation 
of glutamate transporters between controls and OCD. 
In addition, SLC1A1 expression was significantly higher in 
OCD compared with controls when lymphocytes were treated 
with fluoxetine (Figure 5a). 

SLC1A1/EAAC1 isoforms showed lower expression in 
OCD. SLC1A1 isoforms tended to be expressed at a lower 
level in OCD than controls (Figures 5b and c). Ex11skip 
displayed significantly lower expression in OCD compared 
with controls under basal conditions, whereas ex2skip and 
the P2 transcript displayed significantly lower expression 
in OCD than controls when lymphocytes were treated with 
retinoic acid, which enhances the maturation of both 
lymphocytes and neural cells. 41 ' 42 As all SLC1A1 isoforms 
act as negative regulators of SLC1A1, the results suggest 
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Figure 5 Differential expression of SLC1A1 transcripts in human lymphocytes derived from control subjects and subjects with obsessive-compulsive disorder (OCD). 
Peripheral lymphocytes were isolated from unrelated controls and individuals with OCD, and cultured with the indicated reagents. All subjects with OCD were treated with 
serotonin reuptake inhibitors (none were on antipsychotics) except for one drug-naive (unmedicated) female subject with OCD as indicated. Lymphocytes were processed as 
described in the Materials and methods. Gene expression levels were normalized to ^-microglobulin levels, expressed on a logarithmic scale and shown for each individual, 
(a) Comparative expression of SLC1A1/EAAC1 (P1 transcript) in peripheral lymphocytes under untreated conditions, treated with 1 \m dopamine for 24 h or treated with 10 \m 
fluoxetine for 24 h in controls and OCD. (b) Basal levels of expression (no treatment) of each SLC1 A1 isoform in lymphocytes from the control or OCD group, (c) Comparative 
expression of each SLC1A1 isoform in lymphocytes treated with 10|!M retinoic acid for 24 h. 



that under specific developmental conditions, subjects with 
OCD utilize alternative mechanisms for regulating glutamate 
transport. 

Discussion 

A growing body of evidence from genetic, neuroimaging and 
clinical studies have pointed to possible dysfunction of the 
glutamatergic system in the pathogenesis of several major 
neuropsychiatric disorders, including schizophrenia, 43 autism 
spectrum disorder, 44 and OCD 45-47 Perhaps the most 
compelling genetic finding has been the association 
of single-nucleotide polymorphisms (SNPs) in the neuronal 
glutamate transporter gene, SLC1A1/EAAC1, with OCD. In 
several genetic studies published since 2006, significant 
associations of SNPs in the SLC1A1/EAAC1 gene were 



reported in OCD or OCD symptoms in schizophre- 
nia 4849 This is a highly unusual set of findings as multiple 
replications are extremely rare in psychiatric genetics. 
In addition, significant association of SNPs in the SLC1A1 
gene was reported in schizophrenia 50 ' 51 and autism, 52-54 
disorders that are comorbid with or share symptom overlap 
with those of OCD. The SNPs that displayed the most 
reproducible associations with OCD, schizophrenia and 
autism are located toward the 3' portion of the EAAC1 gene, 
and include rs2228622 23 ' 48,55 (located in exon 4, near the 
internal promoter, P2), and rs301979 21,52 and rs301434 20 
(located near exon 11), and rs3087879 24 (located in exon12), 
suggesting the possible involvement of the P2 transcript 
and/or ex1 1skip in psychiatric disorders. 

SLC1A1/EAAC1 modulates glutamate signaling by trans- 
porting glutamate from the extracellular environment to avoid 
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excitotoxicity and neuronal death. However, the genomic 
regulation of SLC1A1 and possible role in OCD is unclear. 
Here, we describe three isoforms, all of which act as negative 
modulators of SLC1A1/EAAC1 function. As expected, given 
the deletions in transmembrane regions, all three isoforms 
lack inherent glutamate transport function. The two alterna- 
tively spliced protein isoforms (ex2skip and ex1 1skip) interact 
with and partially colocalize with the primary EAAC1 P1 
protein, suggesting they impair assembly of a functional 
trimeric transporter. 39 The third isoform (P2), generated from 
a second internal promoter, does not interact with the EAAC1 
P1 protein, suggesting that it may act at the RNA level by 
interfering with translation of the P1 protein. The protein, 
GTRAP3-18, is a potent negative modulator of SLC1A1/ 
EAAC1 . 37 The existence of several independently operating 
modulators of SLC1A1/EAAC1 function adds an unexpected 
layer of complexity to the regulation of this transporter. 

All of the alternative isoforms are evolutionarily conserved 
between humans and mice, and were found in brain, 
lymphocytes and kidney cells under nonpathological condi- 
tions. There is a relatively high abundance of the alternatively 
spliced EAAC1 mRNAs in striatum, a brain region involved in 
OCD. 57 Accordingly, these isoforms are likely to act as natural 
regulators of EAAC1 function. 

Given the strong evidence implicating glutamate dysregula- 
tion in OCD, we sought a biological system to study the 
expression of SLC1A1. Previous research has shown that 
SNPs in the vicinity of the SLC1A1 gene, including those 
strongly associated with OCD, predict the expression of 
SLC1A1 in both brain and lymphoblastoid cells. 24 This study 
suggests that genetic polymorphisms are strong determinants 
of the expression and regulation of SLC1 A1 in brain as well as 
lymphoblastoid cells, which are immortalized lymphocytes. 
Accordingly, we used human lymphocytes as a peripheral 
system to analyze the regulation of SLC1A1 isoforms. 
Peripheral lymphocytes are easily accessible and express 
all SLC1A1 isoforms described here, including other neural 
genes relevant to glutamate biology. A limitation of this study, 
however, is that almost all the subjects with OCD have been 
treated with medications. 

Our initial results suggest that the regulation of glutamate 
transporters in lymphocytes resembles that observed in the 
brain. Levels of SLC1A1 were decreased by treatment with 
dopamine in lymphocytes from control subjects, a scenario 
similar to the downregulation of high-affinity glutamate 
transport by dopamine in the striatum, a normal physiological 
response. 58 

To determine if there are biological differences in OCD, we 
asked whether expression of SLC1A1 is differentially 
regulated in OCD compared with controls. In contrast to 
controls, there was no significant downregulation of SLC1 A1 
in dopamine-treated lymphocytes from OCD subjects. More- 
over, SLC1A1 transcription was increased in response to 
fluoxetine in subjects with OCD but showed no change in 
controls. This is relevant as selective serotonin reuptake 
inhibitors such as fluoxetine are the main treatment for OCD. 
Thus, differential regulation of SLC1A1 was observed 
between OCD and controls. 

In addition, differential expression of all SLC1A1 isoforms 
was observed between OCD and controls. Basal levels of 



ex1 1 skip were significantly lower in lymphocytes derived from 
OCD subjects compared with controls. In lymphocytes treated 
with retinoic acid, expression of all SLC1A1 alternative 
isoforms was significantly decreased in OCD compared 
with controls. Thus, all SLC1A1 isoforms show differential 
regulation in lymphocytes derived from OCD compared with 
controls. 

The differential regulation of the SLC1 A1 primary transcript 
and its isoforms in OCD raises new possibilities regarding the 
role of glutamate in this disorder. As the isoforms act as 
negative modulators of SLC1 A1 function, lower levels in OCD 
could represent a mechanism to compensate for increased 
local concentrations of extracellular glutamate. This notion 
would fit with prior observations reporting increased glutamate 
in the cerebrospinal fluid of patients with OCD, 6 ' 7 imaging 
studies showing increased levels of glutamate in the caudate 
nucleus and orbitofrontal cortex, 3,4 and increased excitability 
in the brains of individuals with OCD. 59 ' 60 However, glutamate 
levels have also been reported to be decreased in the caudate 
nucleus of pediatric cases of OCD, 1 and decreased in the 
anterior cingulate gyrus of patients with OCD. 25 Indeed, 
the notion that only hyperglutamatergic activity underlies 
OCD symptoms may be too simplistic, as glutamate regula- 
tion in the brain is complex. 45 Moreover, glutamatergic 
neurons are not found in the striatum, 61 suggesting that there 
may be alternative functions for this neurotransmitter in this 
region. 45 Our finding that SLC1A1 is regulated by a suite of 
negatively acting modulators, in addition to GTRAP3-18, 37 is 
consistent with the complexity of glutamate regulation. 

SLC1A1 is also differentially regulated by dopamine and 
fluoxetine in OCD compared with controls. Whether these are 
medication-related effects or not will require future studies. 
Moreover, if glutamate is the primary neurotransmitter 
involved in OCD, this observation raises the question as to 
whether the therapeutic effects of medication (that is, 
selective serotonin re-uptake inhibitors or dopamine antago- 
nists) are in part due to their effects on the regulation of 
SLC1A1. 

To confirm the lymphocyte studies, experiments should be 
replicated in a larger clinical population, assay conditions 
optimized and medication effects controlled. Studies in a 
pediatric population would be informative, as pediatric OCD is 
more familial, 62 and the potentially confounding effects of 
illness duration and treatment intervention may be mini- 
mized. 63 Future studies will also focus on establishing the role 
of genetic polymorphisms on the regulation of SLC1 A1 . 
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